Abstract To reveal the neuronal underpinnings of sensory processing deficits in patients with schizophrenia, previous studies have investigated brain activity in response to sustained sensory stimulation at various frequencies. This paradigm evoked neural activity at the stimulation frequency and harmonics thereof. During visual and auditory stimulation that elicited enhanced or 'resonant' responses in healthy controls, patients with schizophrenia displayed reduced activity. The present study sought to elucidate the cellular basis of disease-related deficits in sensory resonance properties using mice heterozygous for the schizophrenia susceptibility gene Neuregulin 1 (NRG1). We applied repetitive whisker stimulation at 1-15 Hz, a range relevant to whisking behavior in mice, and measured cellular activity in the primary somatosensory cortex. At frequencies where control mice displayed enhancements in measures of response magnitude and precision, NRG1 (?/-) mutants showed reductions. Our results demonstrate for the first time a link between a mutation of a schizophrenia risk gene and altered neuronal resonance properties in sensory cortex.
Introduction
Schizophrenia patients suffer from a variety of perceptual disturbances in the visual, auditory, somatosensory and olfactory domains (Butler et al. 2005 (Butler et al. , 2008 Huang et al. 2010; Jenkins and Röhricht 2007; Moberg et al. 1999; Näätänen and Kähkönen 2009) . Past research in patients found that neural responses to sustained auditory and visual stimulation were less entrained by the stimulus. Thus, oscillatory activity in patients was reduced in magnitude and temporal precision, and these effects were frequencyspecific Tan et al. 2013) . In particular, responses in schizophrenic subjects were not enhanced at frequencies that typically elicit highly entrained, 'resonant' responses in normal subjects Emir et al. 2008; Jin et al. 2000) . While healthy subjects show resonant activity during sustained stimulation at 8 Hz in the visual domain (Emir et al. 2008 ) and at 40 Hz in the auditory domain (Picton et al. 2003) , these patterns were disrupted in patients (Jin et al. 1995 (Jin et al. , 2000 Rice et al. 1989; Tsuchimoto et al. 2011) . In addition, patients displayed altered baseline activity in these frequency ranges (Jin et al. 1995 (Jin et al. , 2000 Venables et al. 2009 ), indicating a possible relationship with the stimulus-related deficits. In the somatosensory domain, only one study investigated responses to sustained somatosensory stimulation in schizophrenic subjects and found reduced temporal precision (i.e. intertrial phase coherence) using a 25 Hz stimulus (Teale et al. 2013) . It is currently unknown whether aberrant somatosensory responses also occur at other stimulus frequencies, whether alterations in baseline activity play a role in somatosensory response deficits, and whether resonance properties in the somatosensory domain might be disturbed in schizophrenia.
Mouse models of schizophrenia offer the opportunity to study the effects of specific genetic manipulations on cognitive, behavioral and perceptual processes (e.g., Gainetdinov et al. 2001; Papaleo et al. 2012) . For example, mice heterozygous for Neuregulin 1 (Meyer and Birchmeier 1995) , a schizophrenia susceptibility gene (Mei and Xiong 2008; Stefansson et al. 2004) , exhibit various endophenotypes related to schizophrenia. These include deficits in auditory novelty detection, contextual fear conditioning and social interaction (Ehrlichman et al. 2009 ), as well as hyperlocomotion and deficient sensory gating after pharmacological challenge (Duffy et al. 2008 ). In addition, recent research indicates that the temporal precision of neuronal responses during 20-40 Hz whisker stimulation is reduced in the somatosensory cortex of NRG1 (1/2) mutants (Barz et al. 2014 ). Moreover, baseline activity was significantly elevated in the mutants. When stimulusevoked spike rates were normalized by baseline spike levels, mutant mice displayed significant reductions in their spike signal-to-noise level across the tested frequencies (20-70 Hz; Barz et al. 2014) . However, responses in the low-frequency (1-15 Hz) range have not been characterized so far.
Cellular responses and resonance effects during somatosensory stimulation can be easily investigated in the rodent whisker system because of its precise somatotopic organization. Sensory projections from a particular whisker are processed in a single cortical column, the ''barrel'' (Woolsey and Van der Loos 1970) . Barrel cortex responses in rodents show resonance properties at stimulation frequencies that are behaviorally relevant for them. In particular, an increase in firing rate and phase locking (i.e. the temporal precision of neuronal responses with respect to the stimulus) during 5-10 Hz whisker stimulation have previously been described in rats (Garabedian et al. 2003; Melzer et al. 2006) , suggesting neuronal band-pass or resonant characteristics in the frequency range at which whisker motion occurs during exploratory behavior in rodents (Cao et al. 2012; Carvell and Simons 1990) .
To examine the cellular basis of deficits in sensory resonant responses in schizophrenia, we characterized primary somatosensory cortex activity in mice heterozygous for the schizophrenia risk gene NRG1. We applied sustained stimulation at 1-15 Hz since band-pass properties have previously been shown around 8 Hz in rats. We quantified spiking activity and local field potentials (LFPs) during stimulation and baseline conditions to examine potential alterations in spontaneous activity ('noise') that may alter stimulus-evoked responses ('signal'). NRG1 (1/ 2) mutants showed reductions in the signal-to-noise ratio of spiking activity and LFP power at frequencies that were enhanced in normal mice. Moreover, NRG1 (?/-) mice displayed frequency-specific alterations in spike-field coherence, spike adaptation and the temporal precision of spikes. Our study demonstrates for the first time that bandpass properties of neural responses are deficient in NRG1 (?/-) mice.
Materials and methods
The experimental procedures have been previously described in detail (Barz et al. 2014) . Briefly, 5 adult (4-6 months old) heterozygous NRG1 male mice (NRG1 ?/-) and 5 adult male wildtype (WT) littermates (NRG1 ?/?) were used for the experiments. The animals were obtained from Steve Siegel and Ted Brodkin (University of Pennsylvania, USA) and bred on a C57BL/ 6/129 hybrid background (Ehrlichman et al. 2009 ). To exclude possible confounds due to the mixed background, additional control experiments were conducted in 4 adult male C57BL/6 mice (obtained from Ted Abel, University of Pennsylvania). Electrophysiological recordings were performed under light anesthesia (fentanyl 10-40 lg/kg/h i.p., isoflurane 0.1-0.5 %). Multi-unit activity was obtained in layers II/III and IV of the primary somatosensory (barrel) cortex using 16-channel silicon probes configured as 2 9 2 tetrodes (A 2 9 2-Tet-3 mm-150-150-121; Neuronexus, Ann Arbor, Michigan). Signals were amplified (95000), filtered (spikes: 600 Hz-6 kHz; local field potentials: 0.1-300 Hz), and digitized at 33.657 kHz (Cheetah, Neuralynx). Air puffs (2-ms square pulses; Picospritzer III, General Valve, Fairfield) were applied to several whiskers in 5 s trains at 1 Hz, and 3 s long trains at 3, 5, 8, 10, 12 and 15 Hz. Stimuli were presented in a pseudo-randomized order with an inter-stimulus interval of 5 s (40 repetitions per frequency). Only multi-unit activity (MUA) showing a large response amplitude, clear sustained responses and short onset latencies (14 ± 1.5 ms) was included in the analysis. Data analysis was performed using Spike2 software (Cambridge Electronic Design, Cambridge, England), MATLAB (The MathWorks) and the Chronux toolbox (http://chronux.org). Statistical tests were conducted using Igor Pro (Wavemetrics, Lake Oswego, OR, USA), SPSS (version 20.0, SPSS Inc., Chicago, IL, USA) or Xlstat (Addinsoft, Brooklyn, NY, USA).
Peri-stimulus time histograms (PSTHs) were constructed by first counting the number of spikes in each bin (bin width: 1 ms) across all trials and dividing by the total number of trials to determine the mean firing rate (MFR). The MFR was then divided by the bin size to express neuronal responses in Hz. The analysis of stimulus-evoked activity was restricted to the sustained part of the neural response, measured as the mean firing rate 0.05-3 s poststimulus onset. Baseline firing was defined as spontaneous firing in the absence of stimulation and was measured in a 2.95 s window (-1.5 to 0 s; 3.05 to 4.5 s) across all conditions. The signal-to-noise ratio (SNR) of the sensory responses was calculated by dividing the MFR during the stimulus response by the MFR during baseline.
To assess dynamical changes in firing rates during the stimulus train, adaptation was measured in two ways. The first method was used to analyze each stimulus cycle during a stimulus train. For each cycle, the MFR during the first 50 ms after the onset of the stimulus cycle was quantified. The response to each stimulus cycle was then divided by the spike response to the first cycle to yield an adaptation ratio. With the second method, an adaptation ratio was calculated by dividing the MFR during the early part of the stimulus train (0-1 s after stimulus train onset) by the late part of the stimulus response (2-3 s). The first method offered a greater temporal resolution, while the second method allowed a more straightforward comparison of early and late adaptation effects.
Temporal fidelity of neuronal responses was measured in terms of phase locking and temporal dispersion. First, phase histograms were generated for sustained responses (0.05-3 s) during the stimulus train. Then stimulus-evoked spikes were counted for each stimulation condition across all trials and plotted on a 0-360°axis (100 bins), corresponding to the time between two successive stimuli in a stimulus train. To determine the degree of phase locking of sustained responses to the stimulus, vector strength r was calculated according to the following formula:
L is the vector length, n is the total number of spikes in the phase histogram for a given stimulation frequency, h is the phase angle at which a spike occurs: h = 2p(t/T). T is the period of the stimulation frequency and t is the time at which the spike occurs. To assess the statistical significance p of the vector strength, the Rayleigh statistic was used: p = exp(-nr 2 ). As an inclusion criterion, phase histograms contained [45 spikes and vector strength values were significant at p \ 0.05. To evaluate the temporal precision of spiking as a function of stimulation frequency, temporal dispersion d was calculated according to the following formula:
r is vector strength and f is the stimulation frequency.
Temporal dispersion values were only derived from phase histograms that met the inclusion criteria.
Local field potentials (LFPs) were derived from tetrode recordings included in the MUA analysis (one LFP per MUA). Power spectral analysis was performed with a 16,384 point Hanning window (FFT size: 1.5 s) on singletrial LFPs. Total power during baseline was defined as absolute power across the entire power spectrum (0-100 Hz) and measured 3 s before stimulus onset across all conditions. Power SNR was calculated as the ratio between absolute power at the stimulation frequency (0-3 s after stimulus onset) and absolute power at the corresponding frequency during baseline.
Spike-field coherence was measured between pairs of LFPs and MUAs recorded at the same tetrode (same data as used for the MUA and LFP analyses). Coherence was assessed in a window of 3-0.05 s before stimulus onset (baseline) and 0.05-3 s after stimulus onset for each condition (stimulation). Calculations were performed with the Chronux toolbox using the following parameters: time-bandwidth product NW = 2; number of leading tapers K = 3; LFP sampling frequency Fs = 1000 Hz; padding = 1; single trial averaging of LFPs (trialave = 1).
Population averages are described in the text as mean ± SEM; error bars in figures indicate SEM.
Results
Aberrant firing rates during baseline and stimulation conditions in NRG1 (1/2) mice To test whether NRG1 (?/-) neurons show similar response profiles to low-frequency (\15 Hz) whisker stimuli as WT neurons, we recorded the spiking activity of local neuronal clusters (multi-unit activity or MUA) while stimulating the whiskers with 3 s long trains of air puffs at 7 frequencies between 1 and 15 Hz (Fig. 1) . Peri-event time histograms (PSTHs) were calculated for 11 WT MUAs and 11 NRG1 (?/-) MUAs. Figure 2 shows two example MUA responses for WT (Fig. 2b ) and NRG1 (?/-) mice (Fig. 2c) . The examples indicate that response dynamics change with stimulation frequency in both WT and NRG1 (?/-) mice. In line with previous results (Barz et al. 2014) , mutants also displayed larger response magnitudes and higher levels of spontaneous activity.
To quantify sensory responses, we measured the mean firing rates during the sustained part of the response 0.05-3 s after stimulus onset (Fig. 2d) . In WT mice, mean firing rates peaked in the 8 Hz condition (Fig. 2d, inset) , indicating resonance effects at a frequency where whisking behavior typically occurs in mice (Cao et al. 2012; Söhnchen et al. 2010) . In contrast, sustained firing rates in NRG1 (?/-) mutants increased from 1 to 8 Hz and leveled off at 8-15 Hz, without showing an identifiable peak. In all stimulation conditions, stimulus-evoked mean firing rates were elevated in NRG1 (?/-) mice compared to WT mice (Mann-Whitney, p \ 0.0001; Fig. 2d ; Table 1a ).
Next we sought to relate stimulus-evoked activity to spontaneous activity. Previous results indicated that the ratio of responses during whisker stimulation and responses outside periods of stimulation (the ''signal-tonoise ratio'' or SNR) is decreased in NRG1 (?/-) mice (Barz et al. 2014) . Alterations in baseline activity have also been described in schizophrenic subjects (Jin et al. 1995 (Jin et al. , 2000 Venables et al. 2009 ) and may influence stimulus-related activity, especially when baseline corrections are performed (Gandal et al. 2012a; Tsuchimoto et al. 2011) . We found that baseline firing rates were elevated in mutants relative to WT mice (Mann-Whitney, p \ 0.0001; Fig. 2e ). Dividing the stimulus-evoked mean firing rates by baseline activity revealed a reduction in SNR in NRG1 (?/-) mutants in the 1, 3 and 8 Hz conditions (Mann-Whitney, p B 0.001; Fig. 2f ; Table 1b ). WT mice displayed the highest SNR at 8 Hz, confirming the band-pass characteristics identified at the level of mean firing rates, while NRG1 (?/-) mice did not show this response profile. Decreased neural synchrony in NRG1 (1/2) mutants
Given the reductions in spike SNR observed in NRG1 (?/-) mice, we wondered whether similar reductions could be observed at the level of the LFP. We therefore analyzed 11 WT and 11 NRG1 (?/-) LFPs recorded from the same tetrodes as the MUAs presented in the previous section (see LFP examples Fig. 3a, b) . We found that total power (0-100 Hz) during baseline conditions did not differ between the groups (Mann-Whitney, p [ 0.05; Fig. 3c ). During stimulation, NRG1 (?/-) mutants showed lower levels of oscillatory power relative to baseline at frequencies where WT mice showed enhancements. In particular, power SNR was reduced in NRG1 (?/-) mutants during 8, 10 and 12 Hz stimulation (Mann-Whitney, p B 0.002; Fig. 3d ; Table 1c ). The findings suggest a decrease in synchrony of the neural population response recorded in NRG1 (?/-) mice.
To assess whether the reduced LFP power in the mutants is related to alterations in local synchrony, we analyzed the temporal relationship between LFPs and local spikes using spike-field coherence. This measure is normalized for spike rate and LFP spectral power and ranges from 0 (no Table 1a for details). Inset WT data with enlarged scaling. e Mean firing rate during baseline (BL) conditions. Spontaneous activity was enhanced in NRG1 (?/-) mutants compared to WT mice (Mann-Whitney, U = 0, p \ 0.0001).
f Signal-to-noise ratio. The ratio between stimulus-evoked and baseline firing was lower in NRG1 (?/-) than in WT animals in the 1, 3 and 8 Hz conditions (see Table 1b for details). Significant between-group differences are marked by asterisk Brain Struct Funct (2016) 221:4383-4398 4387 synchronization) to 1 (perfect synchronization; Fries et al. 2001) . Our findings revealed a stimulus-related increase in coherence at the stimulation frequency and harmonics thereof in WT and mutant mice ( Fig. 4a-c) . Similar to measures of spike SNR and power SNR, baseline-corrected coherence values peaked in WT animals at 8 Hz, revealing band-pass effects at the level of spike-LFP interactions.
Relative to baseline levels, stimulation-related coherence was higher in WT animals in the 3, 8, 10 and 15 Hz conditions (Mann-Whitney, p B 0.002; Fig. 4d-f ; Table 1d ).
The results indicate that the observed reductions in LFP power in NRG1 (?/-) mice are related to a decrease in local synchrony of the neuronal population.
NRG1 (1/2) responses with abnormal adaptation and facilitation patterns
To further elucidate how stimulation frequency modulates response magnitudes in NRG1 (?/-) mutants, we examined response adaptation during each stimulus cycle of the stimulus train (Fig. 5) . As established previously Contreras 2006, 2007; Khatri et al. 2004) , adaptation was measured by calculating for each stimulus cycle the mean firing rate during the first 50 ms following stimulus presentation, and dividing by the response to the first cycle. Thus, an adaptation ratio \1 indicates adaptation of responses to a given stimulus, while a ratio[1 indicates response facilitation. The time window of 50 ms per stimulus cycle was chosen since it captured most stimulus-related responses (compare PSTHs in Fig. 2b, c) . In agreement with prior findings in rats (Garabedian et al. 2003; Higley and Contreras 2007; Khatri et al. 2004) , WT mice demonstrated virtually no adaptation at 1 Hz and an increasing level of adaptation at increasing stimulation frequencies (Fig. 5a, b ). In the 8 Hz condition, WT responses were facilitated during the first 500 ms (Fig. 5b) . NRG1 (?/-) responses displayed no adaptation at 1 Hz and adapted with increasing stimulation frequencies (Fig. 5c,d ). Contrary to WT mice, however, NRG1 (?/-) mutants did not show an 8 Hz-specific response facilitation (Fig. 5e) .
In both WT and NRG1 (?/-) animals, the time course of adaptation depended on the stimulus frequency. In the 3 and 5 Hz conditions, adaptation of responses proceeded slowly and did not reach a steady-state within the 3 s stimulus train, (Fig. 5a-d) . To quantify steady-state adaptation, the adaptation ratios calculated for stimulus cycles 2-3 s after stimulus onset were averaged for the 8-15 Hz stimulation conditions. NRG1 (?/-) mutants demonstrated elevated levels of steady-state adaptation compared to WT mice across the tested conditions (Mann-Whitney, p \ 0.0001; Fig. 5f ).
Based on the observation that the time course of adaptation differs depending on the stimulation frequency, we wanted to examine these response dynamics in more detail. Thus, we quantified mean firing rates during two time windows: 0-1 s and 2-3 s following stimulus onset (Fig. 6) . As described earlier, the 8 Hz facilitation in WT mice occurred around 250-500 ms and is therefore captured here only during the early time window (Fig. 6a) . Table 1c) The effect was absent in NRG1 (?/-) animals during either time window (Fig. 6b) . To compare the modulation of firing rates between WT mice and mutants, we calculated an adaptation ratio by dividing the mean firing rates during the early time window by the mean firing rates during the late time window. NRG1 (?/-) mice showed a smaller adaptation ratio than WT mice in all conditions with the exception of the 5 Hz stimulation, where still a * trend was observed ( Fig. 6c ; Table 1e ). The largest difference in adaptation ratio was observed in the response to 8 Hz stimulation frequency in WT mice, further supporting the notion of a band-pass effect in spike rate in this frequency range that is absent in mutant mice.
Reduced temporal fidelity of neuronal responses in NRG1 (1/2) mutants
Previous studies showed that the 8 Hz resonance effects in the barrel cortex are not only observed at the level of spike rates, but also at the level of phase locking to the stimulus, a measure of the temporal precision of neuronal firing (Garabedian et al. 2003) . We therefore examined temporal precision across stimulation frequencies in WT and NRG1 (?/-) mice. Due to the response dynamics during the course of the 3 s long stimulus train (see previous section), analyses were performed separately for an early (0.05-1 s) and late time window (2-3 s). To avoid confounding by the onset response, the first 50 ms were excluded from the analysis of the early time window. We used two established measures for quantifying the temporal precision of neuronal responses: vector strength r and temporal dispersion d (Ashida et al. 2010; Ewert et al. 2008; Khatri et al. 2004 ). Both measures are calculated based on the phase histogram of the MUA, which displays the number of spikes during each stimulus cycle (the inter-stimulus interval) on a 0-360°scale. Vector strength measures the peak of the phase histogram to evaluate the degree of phase locking (independent of the inter-stimulus interval), and temporal dispersion describes the jitter of the responses in time (taking into account the inter-stimulus interval). Firing is temporally precise if the vector strength is high (perfect phase locking at r = 1) and the temporal dispersion (measured in ms) is low (see ''Materials and methods'').
During the early time window (0.05-1 s), phase histograms of both WT and NRG1 (?/-) mice showed a peak in the distribution of spikes at 8-10 Hz, indicating good phase locking, as illustrated in the example responses of WT and NRG1 (?/-) mice in Fig. 7 . At the population level, vector strength was lower for NRG1 (?/-) mice than for WT mice in response to stimulation frequencies between 5 and 15 Hz, with the largest reduction at 8 Hz (t tests, p B 0.003; Fig. 8a; Table 1f ). Similarly, temporal dispersion was lower in NRG1 (?/-) mutants in the 5-15 Hz range compared to WT levels (t tests, p B 0.003; Fig. 8b; Table 1g ). These data suggest an impaired temporal precision of neuronal firing in NRG1 (?/-) animals in the resonance frequency band during the early part of the response (0.05-1 s).
During the late time window, 2-3 s after stimulus onset, phase locking (Fig. 9a ) and temporal dispersion (Fig. 9b) were differently modulated by frequency compared to the early time window. Maximal phase locking occurred at 3 Hz in WT mice and at 3-5 Hz in NRG1 (?/-) mice. In this frequency range, NRG1 (?/-) responses showed lower vector strength than WT responses (t tests, p B 0.007; Fig. 9a ; Table 1h), and higher temporal dispersion (t tests, p B 0.005; Fig. 9b ; Table 1i ). In addition, decreased phase locking and increased temporal dispersion of NRG1 (?/-) responses was also found in the 12 Hz condition. Of note, firing rates were generally lower during the 2-3 s window, and some WT MUAs did not accumulate a sufficient number of spikes in their phase histograms, particularly in the low frequency conditions that naturally had a lower number of stimulus cycles (see ''Materials and methods''). In these instances, vector strength and temporal dispersion values were excluded from the analysis, as indicated in Table 1h ,i.
In summary, the analyses revealed that the 8 Hz resonance effects in WT mice, as described at the level of firing rates, is also present at the level of temporal precision, but only during the early time window. In NRG1 (?/-) mice, neuronal responses are less precisely timed than in WT mice, and the greatest deficits occur around 8 Hz.
Resonant properties of WT responses confirmed in C57BL/6 control mice
Neuronal band-pass effects in response to 8 Hz whisker stimulation have previously only been described in rats (Garabedian et al. 2003) and not yet in mice. Thus, we wanted to ensure that our findings in WT mice were not specific to their C57BL/6/129 mixed background. We therefore performed control experiments in C57BL/6 mice under identical conditions. Similar to the WT responses, C57BL/6 responses showed resonance characteristics during 8 Hz stimulation with respect to the mean firing b Fig. 4 Spike-field coherence in WT and NRG1 (?/-) mice. Table 1d WT NRG1 * * * * WT NRG1 * * Fig. 6 Response dynamics. Responses to different stimulation (STIM) frequencies were assessed during two time windows: 0-1 s (black diamonds) and 2-3 s following stimulus onset (grey diamonds). a Mean firing rate (MFR) of WT MUAs (n = 11). b MFR of NRG1 (?/-) MUAs (n = 11). c Adaptation ratio calculated by dividing the MFR during the first time window (0-1 s) by the MFR during the second time window (2-3 s). Significant differences between NRG1 (?/-) and WT adaptation ratios are marked by asterisk (see Table 1e for details) rate (Online Resource, Fig. S1 ), power SNR (Fig. S2) , spike-field coherence (Fig. S3) , spike adaptation and facilitation profiles (Fig. S4, S5 ), as well as the degree of phase locking and temporal dispersion of spikes ( Fig. S6 and Table S1 ).
Discussion
Neuronal resonance effects have previously been found to be impaired in schizophrenic subjects Emir et al. 2008; Jin et al. 2000) . In the present study, we characterized somatosensory responses in the NRG1 (?/-) mouse model related to schizophrenia to investigate potential disturbances of resonance properties and their cellular correlates. Whiskers were stimulated repetitively at frequencies relevant to whisking behavior. At stimulation frequencies where WT mice showed enhancements, NRG1 (?/-) mutants showed reductions in the SNR, synchrony, adaptation and temporal fidelity of the evoked response. Our study demonstrates for the first time attenuated resonant responses in a schizophrenia-related mouse model and corroborates previous results on impaired vibrotactile coding in NRG1 (?/-) mice (Barz et al. 2014 ).
Whisking behavior and frequency tuning of somatosensory responses
Rodents whisk preferentially at frequencies between 8 and 10 Hz during exploration and around 3 Hz during rest (Cao et al. 2012; Harvey et al. 2001; Moore et al. 1999; Söhnchen et al. 2010) . The frequencies of whisker motion during active and quiet behavioral states might serve optimal stimulus discrimination and detection, respectively (Moore et al. 1999; Moore 2004; Nicolelis and Fanselow 2002) . Evidence from rat studies indicates that barrel cortex responses might be specifically tuned to these frequency ranges. Responses to low frequency stimulation (1-3 Hz) display no or little adaptation (Garabedian et al. 2003; Khatri et al. 2004) and are wide-spread in the cortex (Sheth et al. 1998) , thus favoring stimulus detection. In contrast, high frequency (5-10 Hz) stimulation results in robust response adaptation (Ahissar et al. 2001; Chung et al. 2002; Khatri et al. 2004; Simons 1978) , which facilitates stimulus discrimination (Ollerenshaw et al. 2014; Wang et al. 2010) . In addition, high frequency stimulation limits the spread of the cortical response (Sheth et al. 1998) , decreases receptive field size (Katz et al. 2006) , and sharpens angular tuning (Khatri and Simons 2007) . Thus, maximal contrast between input from the principal whisker and input from adjacent whiskers is achieved (Moore et al. 1999) . Moreover, barrel cortex responses show augmentation in firing rate and phase locking at 5-10 Hz stimulation (Garabedian et al. 2003; Melzer et al. 2006) , indicating cellular band-pass characteristics in this behaviorally relevant frequency range. Our WT and C57BL/6 data sets suggest that, similar to rat, mouse barrel cortex responses also show specific bandpass properties with respect to spike rate and temporal precision. In addition, we detected band-pass amplification at the level of LFP power and spike-field coherence. We also found that spike tuning properties are not constant across the entire stimulus train, but change dynamically. More specifically, we showed that amplification of 8 Hz stimuli is strongest during an early response window (0-1 s post stimulus onset), while later parts of the response (2-3 s) do not display this band-pass behavior.
Abnormal frequency tuning in NRG1 (1/2) mice Compared to WT mice, NRG1 (?/-) mutants displayed altered response dynamics and resonance properties, indicating suboptimal stimulus processing in the whisking frequency range. First, NRG1 (?/-) sustained responses increased in mean firing rate and SNR with increasing stimulus frequency, but did not show an 8 Hz-specific augmentation. Instead, responses seemed to plateau at 8-15 Hz stimulation. Thus, the tuning of NRG1 (?/-) activity to the exploratory whisking frequency range was, if present, much broader and more subtle than in WT mice. Table 1f for details). Temporal dispersion for each MUA (b.1) and the population (b.2) across stimulation conditions. Insets show same data at a different scale. NRG1 (?/-) mice displayed higher levels of temporal dispersion, indicating lower temporal precision, in the 5-15 Hz conditions (see Table 1g for details). *Significant between-group differences a.1 WT NRG1 Fig. 9 Temporal precision of firing rates 2-3 s post stimulus onset. Phase locking (vector strength; left column) and temporal dispersion (right column) were assessed for WT (grey traces) and NRG1 (?/-) MUAs (red traces; same as in Fig. 8 ). Vector strength for each MUA (a.1) and for the population (a.2) across stimulation conditions (WT: n = 11; NRG1 (?/-): n = 11 MUAs). Vector strength in NRG1 (?/-) animals was reduced compared to WT mice at 1-5 Hz and 12 Hz (see Table 1h for details). Temporal dispersion for each MUA (b.1) and the population (b.2) in each stimulation condition (WT: n = 8-11; NRG1 (?/-): n = 11 MUAs). Insets show same data at a different scale. Temporal dispersion was increased in NRG1 (?/-) mutants relative to WT animals in the 1-5 Hz and 12 Hz conditions (see Table 1i for details). *Significant between-group differences the implications of the lack of 8 Hz facilitation. However, in the context of the other findings (firing rate and SNR), it may be interpreted as a diminished amplification of signals in the exploratory whisking range. With regard to adaptation, research suggests that it reflects an effective coding of stimulus features by scaling neuronal output to stimulus features (Diaz-Quesada and Maravall 2008; Maravall et al. 2007) . Adaptation may thus enhance the detection of small changes in stimulus characteristics (Kohn and Whitsel 2002; Musall et al. 2014; Wark et al. 2007 ) and facilitate stimulus discrimination (Arabzadeh et al. 2003 ). Hence, a reduced level of adaptation in NRG1 (?/-) mice might indicate impaired coding and altered somatosensory representations that could affect their ability to detect and discriminate stimuli. Finally, NRG1 (?/-) responses were less temporally precise as measured by their degree of phase locking (vector strength) and temporal dispersion. Reductions in temporal fidelity were particularly pronounced around 8-10 Hz during the early part of the response (0-1 s after stimulus onset) and around 1-3 Hz during the late part of the response (2-3 s). Neuronal firing with high temporal precision has been associated with coding of vibrotactile information in rats (Arabzadeh et al. 2005; Deschênes et al. 2003; Ewert et al. 2008; Jones et al. 2004; Khatri et al. 2004; Melzer et al. 2006 ) and may serve to enhance tactile detection and discrimination (Arabzadeh et al. 2005; Panzeri and Diamond 2010) . Thus, the reduction in temporal fidelity of NRG1 (?/-) activity suggests deficits in temporal coding and sensory stimulus processing.
Aberrant neural synchrony in NRG1 (1/2) mice Our results of reduced LFP power and spike-field coherence indicate that neural synchrony is altered in NRG1 (?/-) mice. At frequencies that were enhanced in WT mice, the mutants displayed reductions in baseline-corrected measures of LFP power and coherence. High levels of spike-field coherence reflect a tight coupling between the spiking of locally recorded units and particular frequency bands of the LFP (Pesaran et al. 2002) . It has been proposed that the rhythmic synchronization between spikes and LFPs may enhance the impact on downstream targets during sensory processing (Fries 2005; Fries et al. 2001; Nacher et al. 2013; Uhlhaas and Singer 2010) . The finding of reduced baseline-corrected coherence in NRG1 (?/-) mutants thus indicates local deficits in neural synchrony and stimulus processing. In addition to these stimulus-specific deficits, the mutants displayed unusually high levels of coherence during baseline conditions that may be related to augmented baseline firing rates (Aoi et al. 2015) .
Neuronal circuit abnormalities underlying NRG1 (1/2) response patterns NRG1 and its receptor ErbB4 are important regulators of the excitatory-inhibitory circuitry (Mei and Xiong 2008) . Both proteins are expressed in cortical layers II-VI in rodents as well as humans (Abe et al. 2011; Law et al. 2004; Mei and Xiong 2008) . Mouse studies showed that NRG1 is expressed in pyramidal cells in the cortex (Chen et al. 2010 and Yachi Chen, personal communication) and controls the formation of excitatory synapses onto inhibitory cells (Ting et al. 2011) . In comparison, cortical ErbB4 expression is largely restricted to GABAergic neurons (Bean et al. 2014; Fazzari et al. 2010) , where it regulates the formation of inhibitory synapses onto excitatory cells (Fazzari et al. 2010) . Furthermore, NRG1 plays a role in the inhibition of pyramidal neurons by stimulating GABA release from interneurons (Wen et al. 2010) . These findings suggest that NRG1 (?/-) mutant mice suffer both from reduced inhibition due to a lack of excitatory drive to inhibitory cells and from increased levels of excitation due to a lack of inhibitory input to excitatory cells. This imbalance in excitatory and inhibitory signaling might underlie deficits in NRG1 (?/-) mice regarding baseline and stimulus-evoked spiking activity and neural synchronization. In support of this notion, previous animal and modeling studies demonstrated that altering glutamatergic or GABAergic signaling affects baseline firing rates (Belforte et al. 2010; Carlen et al. 2012; Jackson et al. 2004 ), stimulus-evoked activity (Gandal et al. 2012b; Vogels and Abbott 2007) , neuronal adaptation and barrel cortexspecific band-pass effects related to spike rate and vector strength (Garabedian et al. 2003) . Furthermore, abnormal excitatory and inhibitory signaling has been linked to alterations in neural oscillations and synchronization (Uhlhaas et al. 2008; Uhlhaas and Singer 2010) . Parallels between sensory responses in patients and NRG1 (1/2) mice Studies using sustained sensory stimulation revealed similar response deficits in schizophrenic patients as we found in NRG1 (?/-) mutants. For example, reduced steady-state responses have been observed with electroencephalography (EEG) at 40 Hz auditory stimulation Light et al. 2006 ) and with magnetoencephalography (MEG) at 25 Hz somatosensory stimulation (Teale et al. 2013 ). In the visual system, where cortical responses are tuned to 8 Hz stimuli in normal subjects (Emir et al. 2008) , schizophrenia patients showed reduced EEG responses in the 8-12 Hz range (Jin et al. 2000; Rice et al. 1989) , and also at higher frequencies (Krishnan et al. 2005) . In addition, aberrant phase relationships and synchronization of EEG and MEG oscillations have been described in schizophrenic patients in response to auditory (BrockhausDumke et al. 2008; Krishnan et al. 2009; Winterer et al. 2000) , visual (Spencer et al. 2003 (Spencer et al. , 2008 and somatosensory stimulation (Teale et al. 2013) . Furthermore, schizophrenia patients were shown to have a reduced SNR in an auditory task (Winterer et al. 2000) and increased noise levels in an auditory ) and visual task (Winterer et al. 2006 ). These alterations have been at least partly related to changes in GABAergic and glutamatergic signaling in schizophrenic patients (Uhlhaas and Singer 2010; .
